Abstract: Our previous study revealed that DNA recognition by the insect Fork head transcription factors depends on specific combinations of neighboring bases, a phenomenon called the base cooperation effect. This study presents a simple algorithm designed for in silico investigation of the base cooperation effect. The algorithm measures and evaluates observed and expected frequencies of various base combinations within a set of aligned binding sites. Consequently, statistically significant differences between the observed and expected frequencies are interpreted as evidence of either positive or negative base cooperation effect. Our current results suggest that the base cooperation affects DNA binding of the vertebrate members of the Fork head family, similarly to their insect homologies.
Introduction
DNA sequences targeted by transcription factors are mostly described either as a simple consensus of consequent bases or, somehow in a more sophisticated manner, as a binding site matrix (e.g [1] [2] [3] ; see [4, 5] for a review). In most cases, the individual positions within the binding site are weighted independently, without paying any attention to the possible effects of the neighboring nucleotides.
The DNA binding affinity of several insect Fork head-like proteins was found to be reduced by specific base combinations of neighboring bases, a phenomenon called the negative base cooperation effect [6] . The decrease of binding efficiency was ascribed to the base cooperation effect, since when combined with a different nucleotide, neither of the two bases composing the original nucleotide pair interfered with the DNA binding. A similar effect was noticed previously in other systems [7] [8] [9] [10] .
Base cooperation was difficult to recognize and during the initial part of the study of the insect Fork head factors [6] , the authors were completely unaware of any interaction between the neighboring bases that would affect DNA binding. The effect was noticed only after a repeated failure to explain the binding behavior of certain DNA sequences. Moreover, the experimental proof of the negative base cooperation was laborious and required the construction of many synthetic oligonucleotides (see also [9, 10] ).
Fortunately, there is an established in vitro technique for selecting transcription factor binding sites, frequently called CASTing [11] or SELEX [12] that is potentially applicable to the problem of identifying cooperating bases. The only missing part to perform such tests is a suitable statistical procedure for the analysis of the CASTing data. The rationale of such analysis is simple: within a set of binding sites, the frequency of any base combination should depend on the frequency of the individual bases. An eventual lack of such correlation will be interpreted as a bias caused by either positive or negative base cooperation effect.
In this study, we present a simple algorithm suitable for detecting the bias in the base combination frequency. The procedure analyses combinations of two and three bases and is not limited to the neighboring nucleotides. The method is statistically robust, since it takes into account the number of examined combinations (the Bonferroni correction, see e.g. [13] . Results obtained with our procedure suggest that base cooperation effect significantly affects binding of the Fork head family of transcription factors.
Materials and methods

Overview
The expected frequency of a base combination is directly dependent on the frequency of individual bases. To distinguish genuine bias from a random fluctuation, we require that at least one of the following conditions is met: (1) The observed and expected frequencies of a single base combination deviate to such an extent that the bias remains significant even after the Bonferroni correction is applied (see below). (2) For a given transcription factor, the number of biased combinations is high, as indicated by a large proportion of combinations where the observed versus expected count differ by two or even three multiples of the standard deviation. Given the assumption of normality, it is significant to observe more than 5% and 1% of such combinations, respectively. The statistical algorithm used in this study is available on line at author's website: (http://blast.entu.cas.cz/bias/index.htm).
Probability of observing given number of occurrences of certain combinations of bases
The probability of finding a certain number of positive cases in an experimental sample depends on the sample size and the probability of occurrence of a single positive case. Similar principle was introduced by Man and Stormo (2001) , but without closely analyzing the statistical significance [9] . The calculation can be performed using the well-known binomial distribution:
In this equation, the uppercase N stands for the sample size. The sample size is determined by the total number of binding sites available for the analysis of a specific base combination (Figure 1 ). Lowercase n is the number of positive cases. This is number of binding sites actually containing the combination in question. Expected frequency p is the probability of a single positive case and P (n) is the probability of observing exactly n positive cases. The expected frequency p is calculated from the frequencies of individual bases. For example, let us use the A 9 T 10 dinucleotide within the set of aligned HNF-3 binding sites published by Overdier and co-workers (see Fig. 3C in [14] ). The A 9 T 10 dinucleotide occurs in 5 out of 54 in vitro selected binding sites. Nucleotide A occurs in the position 9 with a frequency of 0.42 (42%) and the frequency of T in position 10 is 0.57 (57%). Then, the expected frequency of A 9 T 10 dinucleotide is 0.42 * 0.57 = 0.244, that is 13 occurrences in 54 binding sites. Using the above equation, the probability of finding exactly five A 9 T 10 dinucleotides is low (P (n=5) =0.003).
Defining the bias
We are generally more interested in observing "n or less", rather than n positive cases. This probability is obtained as the sum of probabilities for n, n − 1 etc. cases. Similarly, if the "n" is higher then expected, we are interested in the probability of observing "n or more" cases. Thus, depending on the expected and observed frequencies of a specific base combination, our program reports the parameter P (bias) . If the expected number of cases is lower than or equal to the observed number of cases (occurrences of a base combination), P (bias) is obtained by adding the values of P (n) , P (n−1) ... P (0). If the expected number of cases is higher than the observed number of cases P (bias) is obtained by summing the values of P (n−1) , P (n−2) ... P (0) and subtracting the sum from one. This is the same as calculating the sum of P (n) , P (n+1) , P (n+2) etc.
The Bonferroni correction
Let us formulate the null hypothesis: Within the set of aligned binding sites, there is no significant difference between the expected and observed number of occurrences of a particular combination of bases. We accept 5% chance (alpha level 0.05) of rejecting this null hypothesis, if it is true (type I error). This requirement is satisfied if the P (bias) < 0.05. In reality, however, the analysis is not limited to a single particular combination. It includes all possible two or three base combinations meeting certain criteria (see below). Thus it is very likely, simply by performing a large number of observations, to find one or even more base combinations, falling outside the 95% confidence interval. In order to avoid such spurious positives, the 5% alpha value needs to be adjusted downwards, to account for the number of observations being performed. For the necessary adjustments, we approximated the Bonferroni correction -single experiment alpha was divided by the total number of experiments performed. In other words, assuming that the single experiment alpha level is 0.05 and the total number of base combinations available for the analysis is equal to one hundred, a combination is reported as biased if P (bias) <0.0005.
Bonferroni correction implies equivalent importance of multiple statistical tests. This may not be always true. DNA bendability, affecting the binding of some transcription factors, is mainly influenced by adjacent nucleotides, as discussed in paragraph 4.1. Thus, in certain cases, combinations of neighboring bases may have higher biological significance when compared to combinations of non-adjacent nucleotides. To prevent loss of some biologically significant results, the analysis should be performed separately, first, for all possible base combinations and then, for the neighboring nucleotides only.
Certain combinations are omitted
Ideally, all possible two-or three-base combinations should be subjected to analysis. In practice, the sample size N varies for different combinations ( Figure 1 ). To ensure sufficient robustness of the statistical test for low values of p, we require that variance N*p*(1-p)> 9. This is a "rule of thumb" requirement, commonly used for the statistical tests [15] . Combinations that do not pass this test are omitted, their P (bias) values are not calculated. These combinations are also not included in the total number of experiments used to divide the alpha level when performing the Bonferroni correction. The equation N*p*(1-p) describes the variance of the binomial distribution. In this study, it is sometimes called the "robustness factor", since it is used solely for ensuring sufficient robustness of the statistical test. Using this high robustness factor setting, sets containing less than 35 transcription factor sites are not generally analyzable.
Reporting a bias
Sets of aligned binding sites are analyzed for frequencies of combinations of bases. The bias between the observed and expected base combination frequencies is reported when for at least one base combination the P (bias) is lower than the chosen alpha level (after the Bonferroni correction). In this way, a sequence set containing, for example, two combinations with P (bias) just above the alpha level would be overlooked, although the presence of two highly biased combinations is, most likely, biologically significant. Thus, we need a measure for describing a "total level of bias". Such measure can be at least approximately obtained by counting the number of combinations lying outside the range of two or three multiples of standard deviation. The standard deviation (SD) is calculated as
For example, the expected frequency of a particular combination is 0.24 and the total number of sites is 53. This corresponds to SD=2.7. The observed number of occurrences of this combination is 21 whereas the expected count is 12.7. Therefore, this combination is outside the 3SD range since 21-12.7 > 3*2.7. A biased sequence set is reported if the fraction of combinations outside the two SD range is greater than 5% and/or the fraction outside the three SD exceeds 1%.
Results
The Fork head family
The base cooperation effect significantly affected the DNA binding of insect proteins related to the Drosophila Fork head [6] . These insect proteins included the product of the fork head gene itself [16] , its Bombyx homologue SGF1 [17] and related proteins from Drosophila viridis and Galleria mellonella [6] . Therefore, mammalian proteins belonging to the Fork head family were an obvious first choice for testing the statistical algorithm described in this study. This task was started by compiling the collection of known in vitro selected sites recognized by the members of this protein family. We learned that several laboratories performed the in vitro selection experiments in order to decipher the DNA binding requirements of various Fork head-like proteins: FREAC 2, 3, 4 and 7 [18] , HFH-1, 2, 8 and 11 [14, 19, 20] , FHX [21] , Foxp1 [22] , WIN [23] , and HNF-3 [14] . Unfortunately, most of these papers did not show the actual sequences of the selected oligonucleotides, or the number of these sequences was not sufficient. We were left with only four useful sets of in vitro selected binding sites, belonging to the proteins HNF-3, HFH-2, FHX and Foxp1 (Table 1 HNF3  54  8  0  0  14  2  1  8  0  0  16  4  3  HFH-2  47  2  0  0  3  0  0  7  1  0  11  2  2  FHX  42  0  0  0  0  0  0  1  0  0  1  0  0  Foxp1  76  11  4  3  21  9  27  14  5  6  28  11  38 Combinations of neighboring bases only Low: Total number of extremely biased combinations: the P(bias) is lower than the required alpha level even after the Bonferroni correction. High robustness setting: We require that sample size is high enough to satisfy N*p*(1-p) > 9. Low robustness setting: N*p*(1-p) > 1, thus the reported information could be of biological interest but is not necessary statistically significant. When analyzed by our algorithm, the sets of binding sites of both HNF-3 and Foxp1 displayed a significant bias in the expected versus observed frequencies of base combinations. The Foxp1 case was especially appealing: the expected and observed numbers of occurrences of 4% of the two-base combinations and even 9% of the three-base combinations were outside the three SD range. This is much more than the mere 1% typical for an unbiased population. Moreover, the observed frequencies of thirty of these combinations were extremely unlikely, so that the alpha level remained under 5% even after the Bonferroni correction was applied. Besides Foxp1 and HNF-3, the HFH-2 protein also displayed clear indications of uneven distribution of base combination frequencies, especially when considering the neighboring bases only (Table 1 and supplementary data at the author's website). Taken together with the previously published data [6] , these results suggested that the base cooperation effect is a frequent, if not common phenomenon affecting the DNA binding of the proteins belonging to the Fork head family.
Negative controls
Sets of control sequences were obtained in two different ways. The first approach included random picking short stretches of bases from large continuous pieces of the human genome. This task was automated by an in-house software with random number generator. These sequences were arbitrary aligned and general parameters of the whole set, e.g. the total number and the average size of these "binding sites", were varied within the range typical for the CASTing experiments. We examined more than one hundred such control sets, but no nucleotide combinations passing the Bonferroni correction were detected. Similarly, the fraction of combinations outside the two or three SD range was very low, in fact much lower than the expected five and one percent, respectively. Only after the robustness factor was set to zero, the percentage of combinations outside two SD or three SD range approached the expected values. This observation suggest, that the robustness factor is unnecessarily high and the analysis using the standard robustness settings (N*p*(1-p)> 9, (see materials and methods) tends to miss some truly positive results.
Additional control experiments were performed by randomizing the order of bases within the actual sets of aligned in vitro selected binding sites. Thirty control sequence sets were generated and analyzed for every positively scored Fork head family protein (see above), again with negative results.
The JASPAR database
The JASPAR database [24, 25] is a curated collection of DNA sequences recognized by various transcription factors. Many of the transcription factor binding sites present in the JASPAR database were obtained by the CASTing technique, others were obtained by collections of known in vivo binding sites. The database stores the original binding sites aligned by the ANN-Spec algorithm [26] and, therefore, is perfectly suitable for the analysis by the procedure described in this study.
When the analysis was performed with standard (N*p*(1-p)>9 robustness setting, approximately thirty transcription factor binding site sets were found to be suitable for the analysis and several of them were identified as positive, meaning that it contains reliably demonstrated, biased base combinations (Table 2) . Binding site sets for proteins Myb.PH3 (Myb family; JASPAR code MA0054) and ABI4 (APETALA 2 domain family; JASPAR code MA0123) displayed base cooperation for non-adjacent as well as adjacent bases: one or more combinations of non-adjacent bases passed the Bonferroni correction if all combinations were considered, whereas one or more combinations of adjacent bases passed the correction if the analysis was limited to the adjacent bases only. In addition, the binding site set for protein SOX17 (HMG family; MA0077) displayed a reliable base cooperation effect for adjacent bases only. 35  ------10  1  0  7  3  0  MA0097 33  ------13  5  0  12  4  0  MA0115 25  ------13  0  0  10  43  0  MA0116 33  ------17  12  7  22  10  9  MA0123 49  33  16  2  50  25  1  10  6  2  7 Somehow less convincing, but still statistically significant, was the data for the already mentioned Fork-head family member HLH-2 (JASPAR code MA0041) and also for a bHLH DNA binding factor TAL1-TCF3 2 (JASPAR code MA0091). The analysis performed using the lowered robustness settings (N*p*(1-p)>1 revealed several additional putatively positive proteins, but had only informative value (see Table 2 and the supplementary results on the authors website) and should be repeated after a larger collection of binding sites becomes available.
Discussion
The base cooperation effect -how important is it?
The existence of base cooperation effect (in the meaning of non-independence of bases) has been experimentally confirmed more then ten years ago [7] . Still, the number of studies on this topic remains surprisingly small and models assuming the independence of bases within the binding site are generally used. In this respect, the real importance of the base cooperation effect remains unclear. Benos and co-workers (2002) [27] analyzed the data from the few available experimental studies: namely, the study of the bacterial mnt operator [9] and an in-depth analysis of binding behavior of a narrow group of Cys 2 -His 2 zinc fingers [10] . The authors [27] concluded that although the base cooperativity had a measurable effect on the binding specificity, the models assuming base independence performed reasonably well and were better suited for many purposes. More recently, the experimental work of Takya and co-workers (2003), demonstrated that the base cooperation effect substantially increased the DNA binding specificity of insect Fork head proteins [6] .
The present study is based on a robust and conservative statistical analysis using the data from several dozens of CASTing experiments. The base cooperation effect was most reliably demonstrated for the members of the Fork head family (combined data from [6] and this study). The reliably positive binding site sets identified in the JASPAR database belongs to several different families, including Fork-head, but the analysis performed with lower-robustness settings points specifically to the nuclear receptor family (Cys 2 -Cys 2 zinc-fingers) and the HMG proteins. We therefore suggest that the importance of base cooperation effect vary with the protein family in question, being really significant only for certain protein families If the most conservative requirement is lifted (the Bonferroni correction for the number of inspected combinations of bases), the traces of base cooperation effect were observed in a substantial fraction of inspected sequence sets (data not shown), similar to the conclusions of Zhou and Liu (2004) [28] .
The Bonferroni correction
Is the Bonferroni correction justified? It has been argued that the multiple testing correction is not necessary [13] , but this is not a generally valid concept [29] . In fact, some means of compensation for multiple testing is necessary in all situations in which the functional category is not selected a priori and many such categories are considered at the same time [30] . The question therefore is not "Is it necessary to compensate for multiple testing?", but "How to compensate for multiple testing?" Although the Bonferroni correction is the most frequently used approach, there are other methods, including for example, the Holm's correction and the Benjamini and Hochberg False Discovery Rate method [31, 32] . Some of these methods are more suitable if there are reasons to presume interdependence between the outcomes of the individual experiments, but this is not the case in the present study.
We have chosen Bonferroni correction mainly because it is the most conservative approach. This means that it minimizes the frequency of type I errors (false positives rate), although it may lead to more type II errors (false negatives rate). A conservative approach is meaningful for a method designed to help experimental biologists -laboratory analysis of a falsely predicted binding sites may take days or even weeks of work. Other applications of Bonferroni correction include microarrays analysis, genome wide gene expression analysis and single nucleotide polymorphism analysis (e.g. [30, 33] ).
During preparation of the manuscript, it has been suggested by one of the referees that the approach is too conservative for poorly defined binding site sequences. Such sequences contain not only the binding site, but also long stretches of bases, not participating in binding. These extra bases are still counted for the Bonferroni correction, which is not correct. Thus the method is likely to result in a high frequency of type II errors in cases where there is only limited information about the structure of the binding site. However, the quality of data obtained by properly planed CASTing should be sufficient. To verify this assumption, the JASPAR transcription factor binding sequences were reanalyzed using only the conserved upper case denoted core of individual sequences. No novel biased base combinations passing the Bonferroni correction were identified, suggesting that CASTing-derived sequences are suitable for the method described in this study (supplementary data is available at the author's website).
Biased nucleotide combination frequencies and the base cooperation effect
We assume that the unexpected frequencies of certain nucleotide combinations directly correlate with the either positive or negative base cooperation effect and binding affinity for the respective transcription factor. There is no direct proof of such a correlation, but besides the direct effect on DNA-protein binding, it would be difficult to find another explanation for the sharp and statistically significant discrepancies between the observed and expected frequencies of certain combinations of bases. In fact, a very similar assumption is generally accepted and is fundamental for the widely used CASTing [11] technique. If a base is over-represented in a specific position, it is assumed that this base improves the overall binding affinity of the DNA sequence. Similarly, if a combination of bases improves the binding efficiency, the combination should be over-represented in the selected pool of molecules and vice-versa. The expected frequency of base combination is calculated from the actual frequencies of the individual bases, as explained in the methods section.
An obvious limitation of our method is its inability to detect base cooperation effect in highly conserved positions. Namely, when two columns in the alignment are fully conserved, it is hard to know if it is an actual base cooperation or if the positions are independent. This problem is biologically interesting, but should be best examined by adequate experimental approaches, e.g. by X-ray crystallography. An additional potential limitation of the method originates from the restriction of the CASTing procedure itself. CASTing is not suitable for the study of low affinity binding sites and it is difficult to use for examining DNA binding with multi-protein complexes.
Comparison with base non-independence models
The base cooperation effect has been addressed by several theoretical studies. The common goal of these studies was to construct a model based on the presumption of base non-independency and subsequently demonstrate that the model increased specificity and selectivity of the prediction of transcription factor binding to DNA. The models are often quite complex and based on various principles, including principal coordinate analysis [34] , Bayesian networks and expectation maximization algorithm [35] , non parametric binding site representation [36] or the Markov chain Monte Carlo based algorithm [28] .
The aim of the current study was somewhat different from the theoretical models. Benos and coworkers (2002) studied two experimentally demonstrated cases of base cooperativity effect and suggested that its impact on the specificity of DNA binding was not high [27] . We were therefore interested in a method providing direct statistics assessment of the base cooperation effect, assuming that the eventual extremely low probabilities may possibly correlate with the biological significance. With a single exception, our method positively scored the binding sites of all studied mammalian Fork head-related proteins, the same family of proteins where the base cooperation effect was experimentally demonstrated and reported to significantly increase the binding specificity [6] .
To our knowledge, none of the base independence models provides similarly straightforward statistics, which is compensated for the repeated observations (the fact that multiple base combinations are analyzed is compensated by the Bonferroni correction).
Our approach also eliminates the requirement for the training step and/or complex tuning, with all its underlying intricacies. An additional advantage of the presented method is the practically negligible computation time. Thus, the algorithm is not limited to the combinations of two bases, and the current restriction to combinations of three nucleotides was necessitated by limitations in the input data available, rather then the computation speed. Similarly, unlike low-order Markov chain models, the procedure is not limited to neighboring bases.
In summary, the method presented there was not intended as an alternative to the existing models and lacks the versatility and predictive power of these approaches. It was intended to be used by experimental biologists in the decision making step and to provide statistics that are both direct, robust and easy to interpret. 4 .5 The Fork head transcription factors are sensitive to base cooperation effect Takiya and co-workers (2003) demonstrated that the in vitro binding of insect Fork headlike proteins was substantially influenced by the negative co-operation of neighboring bases within the binding site [6] .
In the present study, we show that the in vitro selected binding sites of three out of the four studied Fork head domain proteins display substantial discrepancy in the frequency of certain base combinations. This is hardly a coincidence and we therefore suggest that the specificity and selectivity of the Fork head family proteins binding to DNA is significantly and perhaps generally influenced by the base cooperation effect.
The large families of DNA binding proteins, including the Fork head family, differentiate by the unique structure of their DNA binding domain and thus, to some extent employ a unique mechanism for binding their cognate DNA sequences. The base combination alters various DNA parameters [37] . Alternations in parameters like slide, twist and positive roll may affect the binding of transcription factors making extensive contact with the DNA backbone. It was demonstrated that such type of contact is made by the Fork head factor HNF3-beta [38] . An alternative explanation is that the actual mechanism lies in the interference with the DNA's bendability, since this is also influenced by the structural parameters. For example, the nucleosome positioning largely depends on sequence preferences partly determined by specific dinucleotides (or trinucleotides) and the corresponding anisotropic flexibility (see [39] , for a review). Let us recall that the three-dimensional structure of the mammalian HNF3-beta Fork head domain resembles histone H5 [38] , HNF3-beta was also implicated in the formation of precisely positioned nucleosomes [40] and other factors from this family were found to bend DNA [18] .
